Most water supply and hydropower generation is obtained from the river-reservoir system, and wastewater pollutants are also dumped into the system. Increasing water demand and consumption have caused the water supply, wastewater pollutant management and hydropower generation sectors to be interlinked and to reinforce each other in the system. A physical nexus across water supply, wastewater management and hydropower generation sectors for a river-reservoir system was developed based on the analytical water quality and hydropower generation equations. Considering the Jinghong hydropower reservoir, located in the middle and lower reaches of the Lancangjiang River Basin, as a case study, both the wastewater pollutant management target and water inflow from the upstream as the external and boundary conditions, were employed to establish the effects of the external and boundary conditions on the nexus. It was demonstrated that the nexus of water supply and hydropower generation sectors does not vary with the water quality indicators and its protection target, without the separation of environmental flow in hydropower generation flow. In addition, the amount of hydropower generation decreases with increasing water supply. However, the lapse rates of allowable wastewater pollutants-water supply differ based on the water inflow and the wastewater pollutant management sectors, while the efficiency of hydropower generation and the sensitivity of allowable wastewater pollutants per amount of water supply are considered to be unrelated to the water inflow and wastewater pollutant management target conditions. The quantitative nexus developed through the proposed equation not only contributes to a more complete understanding of the mechanism of cross-connections, but also in creation of specific water protection and utilization measures, which is also the focus of the water-energy nexus.
Introduction
'Nexus thinking' has been proposed as a conceptual tool for achieving sustainable development by the World Economic Forum [1] . It is considered an approach to simultaneously examine interactions among multiple sectors and promote integrated planning, management and governance [2] . Given that energy and water are essential resources of our natural environment [3] and are inextricably linked [4] , the nexus of these entities is high on the world's science and policy agenda with regard to global socioeconomic development and environmental change [5] [6] [7] [8] , and has gained increasing attention in the research and policy making communities [9] . Although integrated water resource management (IWRM) has been pervasive since the Harvard Water Program [10, 11] , the nexus approach can make the objectives of integrated water resource management more practical to satisfy stakeholders across political boundaries and for sector-specific governance of natural resource use [4, 12, 13] . It is critical for every traditional water community with an interest in water study, i.e., hydrologists, water resources engineers, economists, and policy analysts to engage each other to advance water-energy nexus understanding and management [4] . However, the nexus formed by physical water flow mechanism between every sector should be first understood. As water can be used for water supply and wastewater management extracted from river or reservoir will conflict with hydropower generation projects [14] in attempting to achieve renewable energy targets. Increasing population, improving living standards, changing consumption patterns, and the expansion of economic development [15, 16] have accelerated water supply and consumption. More water is supplied and consumed by human and, more wastewater pollutants are dump into rivers. Therefore, water quality protection need to be implemented. As such, water supply, water quality protection, and hydropower generation are interlinked and enhance each other. However, the water quality issue, which determines whether or not water can be utilized, is often overlooked in water-energy nexus studies, though significant efforts have been made to explore the water-energy nexus from water quantity and water availability. Meanwhile, hydropower is also always excluded from the energy-water nexus analysis [17] [18] [19] [20] , even it has played an irreplaceable role in the development of electric power industry especially for renewable energy and peak period power demands. Several works have already been published on policy related research to identify applications of nexus in water and energy resources management [12, [21] [22] [23] [24] [25] [26] [27] [28] . However, few studies had characterized the interlinkages between nexus sectors, with a focus on the understanding of the underlying physical mechanism of the nexus and on conceptualizing relationships of nexus sectors [29] . Therefore, the nexus across water supply, wastewater management, and hydropower generation sectors based on the water quantity, quality and energy should be modeled for coordinating and sustainability of water use, water protection and energy sectors. The aim of this paper was to address a new way to develop a physical nexus across water supply, wastewater management and hydropower generation sectors in river-reservoir systems based on the physical law equations of water quantity, pollutant transport, and hydropower generation; the effects of boundary conditions on the nexus to support adaptive water resource management are also analyzed.
Methodology

A Generalized River-Reservoir System
As the source or sink of water supply, hydropower generation and wastewater management is the river or reservoir, their nexus, based on the physical relationship and cross-connections in a river-reservoir system, will be modeled for local water supply, water protection, and energy operation. We begin by considering that a river or a reservoir lake for water quality concentration is uniformly distributed through any cross-section so that the analytical water quality model is applicable. The river-reservoir system can then be assumed as the shown in Figure 1 . The blue lines represent the water flow in the river, the green lines represent the supplied water, and the black arrows represent the allowable wastewater pollutant at the discharged location. The reservoir is also a hydropower generation plant which converts the water into energy. The inflow to the river-reservoir system is indicated by Q 0 with a water quality given by C 0 . The water is considered to be supplied from (I) and (II) where the amounts of water are S 1 and S 2 . The allowable wastewater pollutant is simplified to be discharged into A, B, C, and D points where the amount of the allowable wastewater pollutants are W A , W B , W C , and W D , respectively (their corresponding allowable wastewater pollutants are q A , q B , q C , and q D , respectively). The distances between the points along the river for the water intake or wastewater pollutant sewage are represented by l 1 , l 2 , l 3 , l 4 , and l 5 , respectively, as shown in Figure 1 . k i=1, . . . ,5 is the first-order decaying coefficient of the wastewater pollutants for the l ith river, while u i is the corresponding average water velocity. 
Physical Nexus Across Water Supply, Wastewater Management, and Hydropower Generation Sectors for the Generalized River-Reservoir System
The water quality at Ci or C′i can be expressed as shown in the following Equations (1)- (6) . The water quality C0′at the allowable wastewater pollutant discharged point A is given as
The water quality C1 at water intake point (I) is given as ( )
The water quality C1′ at the allowable wastewater pollutant discharged point B is ( )
The water quality C2 at the water intake point (II) in the reservoir based on the complete mixing model is ( ) The water quality at C i or C i can be expressed as shown in the following Equations (1)- (6) . The water quality C 0 at the allowable wastewater pollutant discharged point A is given as
The water quality C 1 at water intake point (I) is given as
The water quality C 1 at the allowable wastewater pollutant discharged point B is
The water quality C 2 at the water intake point (II) in the reservoir based on the complete mixing model is
where k is the sedimentation coefficient and V 0 and CC 0 are the initial reservoir storage and water quality condition for the first time step of the simulation, respectively. These values are used as the parameters for the Equation (4). Q 2 is the water flow released from the reservoir.
The water quality C 2 at the wastewater pollutant discharged point D is
and the water quality C 3 at water intake point (III) is 
By substituting the values of C 2 in Equation (4), we can get the following.
According to the classification of the variables and the parameters, the Q 2 in Equation (7) can be rewritten as
The hydropower energy generated from the reservoir can be expressed by
∆H is the net water head and η is the coefficient of the output for hydropower generation from a reservoir. The average head available for the reservoir during period t is expressed as a non-linear function of the average storage during that period (shown as the equation g 1 (·)). The tailwater level can be determined using the function g 2 (·) between the discharge and the water level. Equation (9) can be rewritten as (10) According to the classification of the variables and parameters, the water flow released from the reservoir Q 2 in Equation (9) can be expressed as f 2 in Equation (11):
where θ(g 1 ) and θ(g 2 ) are the inverse functions of g 1 (·) and g 2 (·), respectively. Obviously, the generated output of the hydropower plant cannot exceed its installed capacity. Now, if Q 2 shown in Equation (11) is substituted in Equation (8), we obtain
Then Equation (12) can be transformed as
Since the water quality in the river or reservoir is essential to instream ecological systems and water utilization, it is often a requirement that it should not exceed the water protection target (CT i or CT i ) set by the environmental agency as defined by the following constraints.
Therefore, Equation (13) 
can be given as 0. If there are other water intake or allowable wastewater pollutant discharge points, then these points can be classified initially by distance and then be summed to the points as shown in Figure 1 using Equations (1)- (6) . If there are other reservoirs, then these reservoir systems can be divided into subsystems. Every subsystem is only formed by one reservoir and its up-downstream rivers. So the illustrative example of the river-reservoir system shown in Figure 1 is a basic element of the river-reservoir system in a basin or regional scale.
Study Area and Data Collection
In this study, the Jinghong hydropower reservoir in the Lancang River was selected as a case study. The Jinghong hydropower dam located in the lower-middle area of the Lancang River, was commissioned in 2009, and is approximately 5 km upstream to (the north of) Jinghong City in the southwest of Yunnan Province. It serves as the source of water supply for Jinghong City. The locations of the Lancang River, Jinghong hydropower reservoir, and the allowable pollutant discharge points are shown in Figure 2 . The catchment area at the Jinghong dam site is 149,100 km 2 and the average yearly runoff is 1820 m 3 /s at the dam site. Rainfall provides most of the runoff and the division of dry season and wet season is distinct. Nearly 70% of the annual rainfall occurs from June to September during the wet season, while the dry season is from October to May. The distance of the backwater in the main stream is ~97.6 km with a water area of 32.8 km 2 . The total storage, the storage at normal water level, and the dead storage are 1.4, 1.04, and 0.81 billion m 3 , respectively. The installed capacity for hydropower generation is 1500 MW. The coefficient of output for hydropower generation from Jinghong reservoir η is 7.6. The functions g1(·) for the Jinghong reservoir and g2(·) for the tailwater at the Jinghong dam downstream site are determined via the measured and surveyed data, such as the topography map, and are shown in Figures 3 and 4 . The catchment area at the Jinghong dam site is 149,100 km 2 and the average yearly runoff is 1820 m 3 /s at the dam site. Rainfall provides most of the runoff and the division of dry season and wet season is distinct. Nearly 70% of the annual rainfall occurs from June to September during the wet season, while the dry season is from October to May. The distance of the backwater in the main stream is~97.6 km with a water area of 32.8 km 2 . The total storage, the storage at normal water level, and the dead storage are 1.4, 1.04, and 0.81 billion m 3 , respectively. The installed capacity for hydropower generation is 1500 MW. The coefficient of output for hydropower generation from Jinghong reservoir η is 7.6. The functions g 1 (·) for the Jinghong reservoir and g 2 (·) for the tailwater at the Jinghong dam The catchment area at the Jinghong dam site is 149,100 km and the average yearly runoff is 1820 m 3 /s at the dam site. Rainfall provides most of the runoff and the division of dry season and wet season is distinct. Nearly 70% of the annual rainfall occurs from June to September during the wet season, while the dry season is from October to May. The distance of the backwater in the main stream is ~97.6 km with a water area of 32.8 km 2 . The total storage, the storage at normal water level, and the dead storage are 1.4, 1.04, and 0.81 billion m 3 , respectively. The installed capacity for hydropower generation is 1500 MW. The coefficient of output for hydropower generation from Jinghong reservoir η is 7.6. The functions g1(·) for the Jinghong reservoir and g2(·) for the tailwater at the Jinghong dam downstream site are determined via the measured and surveyed data, such as the topography map, and are shown in Figures For the hydraulic parameters in this study area for Equations (8) and (13), the water velocity in the river can be approximated by Equations (15) . The data associated with the water flow into the river-Jinghong Reservoir system are presented in Table 1 . The initial water storage V0 in Equations (7) and (13) is set to be the storage at the normal water level according to the Jinghong reservoir operation rules.
Since the biochemical oxygen demand (BOD5) and ammonia as nitrogen (NH3-N) indicators in allowable wastewater are considered as a measure of water organic pollutants [30] [31] [32] [33] , their total amount is considered as indicators of the water quality variable (waste pollutants) in this study. According to the results from the report on the impact of cascade hydropower plants on the environment in the Lancang River [34] , kBOD5 in Equation (7) For the hydraulic parameters in this study area for Equations (8) and (13), the water velocity in the river can be approximated by Equations (15) . The data associated with the water flow into the river-Jinghong Reservoir system are presented in Table 1 . The initial water storage V 0 in Equations (7) and (13) Since the biochemical oxygen demand (BOD 5 ) and ammonia as nitrogen (NH 3 -N) indicators in allowable wastewater are considered as a measure of water organic pollutants [30] [31] [32] [33] , their total amount is considered as indicators of the water quality variable (waste pollutants) in this study. According to the results from the report on the impact of cascade hydropower plants on the environment in the Lancang River [34] , k BOD5 in Equation (7) 5 . According to the requirement of the surface water area functions in our study area [35] , class is III is investigated. This represents water that is mainly used as a centralized potable water source in addition to protected areas for general fishing and swimming [36] .
Results and Discussion
The nexus of across water supply, wastewater management and hydropower generation sectors for the Jinghong Hydropower Reservoir was tested by modeling Equation (13) . The parameters (represented as the vector Ω) in Equations (13) are calibrated in the report on the impact of cascade hydropower plants on the environment in the Lancang River [34] , and their values are presented in Section 3. The water quality protection target (denoted by CT in the nexus equations) and the water inflow to the river-reservoir system at the upstream boundary are the main two factors that impact the nexus. Their effects were tested and assessed respectively. Both BOD 5 and NH 3 -N with the protection targets of classes III and I are employed to determine their effects on the nexus. The conditions of the water inflow to the Jinghong hydropower river-reservoir are from the dry year (frequency level p = 75%) and the extraordinarily dry year (frequency level p = 99%).
Effects of the Water Quality Protection Target on the Nexus
In order to present the effects of the water quality protection target, the amount of supplied water varied from 0.1 to 10 times the total water demand of the domesticity and industry in 2030. The corresponding allowable wastewater pollutants and hydropower generation are obtained from the analytical nexus equation. In order to show the nexus under the extraordinarily dry year (p = 99%), the relationships between water supply and allowable wastewater pollutants are presented in Figure 5a -c, and the relationship between water supply and hydropower generation is presented in Figure 5d . Both allowable wastewater pollutants and the hydropower generation are approximate declined lines with an increasing water supply. The more water is extracted from the river or reservoir, the less water is left for hydropower generation and the allowable wastewater pollutants that are a diluted or dispersion for the water quality protection target is reduced. The slope of the declining line indicates the speed or sensitivity of hydropower generation or the allowable wastewater pollutants. As the lengths and scales of the abscissa are set to be the same, the change of the ordinate represents the slope. The amount of allowable wastewater pollutants in the case of Class III water quality protection target (Figure 5a ) is more than that for Class I (a stricter water quality protection than Class III) (Figure 5b ). Although the water quality protection target C 3 = 1.0 mg/L for N 3 H-N is two times larger than the target C 3 = 0.5 mg/L, the amount of allowable wastewater discharge from the former (shown in Figure 5a ) is not twice as much as the latter (shown in Figure 5b) . The relationship between the amount of allowable wastewater and the water protection target is nonlinear. This can be established by examining Equation (7). Figure 5c including two different water quality indicator targets and also exhibits a nonlinear relationship. The C 3 in Figure 5c are 4 and 3 times as much as the corresponding values in Figure 5a , respectively, the amount of allowable BOD 5 shown in Figure 5c is larger than the allowable NH 3 -N shown in Figure 5a , however, the former Water 2019, 11, 822 9 of 17 is obviously not 4 or 3 times as much as the latter. The parameters that define several different water quality indicators such as the decaying coefficient, also impact the amount of allowable wastewater pollutant and their nexus. According to the changes of the ordinate value in Figure 5a -c, the slopes of Figure 5c are much steeper than those of Figure 5a ,b, which refers to C 3 according to Equation (7) . All of the Pearson correlation coefficients of the relationship lines in Figure 5 are approximately −1.
The nexus of supplied water and hydropower generation does not vary with the water quality indicators and their protection target. The amount of hydropower generation decreases with an increase of the water supply. If water is extracted from the upstream of the reservoir or from the reservoir, the hydropower generation will be reduced by both the amount of water and the head. Since the environmental flow is not separated from the water for hydropower generation, it was only reduced by approximately 50 million kw·h (0.9% of the hydropower generation without water supply) in the study area, even if the amount of supplied water is assumed to increase to 10 times as much as water demand in 2030. The nexus between water supply and hydropower generation shows that the contradiction between the two sectors is not irreconcilable. If the environmental water flow is separated from the flow for hydropower generation, or the water supply accounts for a high percentage of water flow in the river-reservoir, the nexus of the supplied water and hydropower generation will be close, especially in the dry season. Not only is there a decrease in hydropower generation, but also its assurance ratio decreases. This results in a loss of competitiveness and specific benefits in the electricity market. 
Effects of the Inflow to the River-Reservoir System at the Upstream Boundary on the Nexus
The water inflow is more in dry years (p = 75%) than in extraordinarily dry years (p = 99%). The wastewater pollutants and hydropower generation will also increase since the water supply is the same as in the previous section. Figure 6 presents the relationship between allowable wastewater pollutants and water supply for different water quality protection targets (from Figure 6a-c) , and the relationship between water supply and hydropower generation (in Figure 6d) for a dry year (p = 75%) boundary condition. All Pearson correlation coefficients of these relationship lines in Figure 6 are approximately −1. If the water quality C 3 is set the same, the relationship lines in Figure 6 are moved upwards (the ordinate values increase) from Figure 5 . Therefore, their slopes do not vary with an increase of the water inflow. The efficiency of hydropower generation and the sensitivity of the allowable wastewater pollutants for a given volume of supplied water are considered to not be related to the boundary conditions. Since the annual average water inflow in a dry year is 249 m 3 /s more than that of an extraordinarily dry year, the average allowable wastewater pollutants are increased by 1.87 million tons and 1.25 million tons for NH 3 -N or 2.33 and 1.19 million tons for BOD 5 . The increasing magnitude of the pollutants is different from their water quality protection targets. The stricter the target (e.g., water quality at Class I level is stricter than that of the Class III level), the smaller the increase of the magnitude. As indicated in Section 4.1, the nexus of supplied water hydropower generation is not impacted by the water quality indicator (with different parameters for water quality modeling) and their protection target. Hydropower generation can be increased by 1.45 billion kw·h.
In order to determine the nexus across water supply, wastewater management and hydropower generation sectors under high water stress conditions, the amount of water supply was increased to 60% of the average water inflow in a dry year, and 70% of the average water inflow in an extraordinarily dry year [7] . The nexuses are presented in Figure 7 . Their abscissas represent the water supply. The main ordinates (on the left side) are hydropower generation and the subordinates (on the right side) are the allowable wastewater pollutants (NH 3 -N) . Since the scales of the abscissas and ordinate values are set as the same, the slopes of the lines can be compared with each other. Although the relationship between water supply and hydropower generation is impacted by the water supply and water inflow, the slopes of the line represented by the rhombus symbols in Figure 7a -c are the same. All of the Pearson correlation coefficients of the relationship lines in Figure 7 are approximately −1. This indicates that the efficiency of conversion of the water supply to hydropower generation is constant. Water inflow and water quality protection target influence the lapse rates (slopes) of the lines identified by the triangle symbols; the lapse rates of these lines are shown in Figure 7 , whereas the deepest lapse rates are shown in Figure 7a and the flattest one is represented in Figure 7c . Figure 7b depicts rates which are in the middle of the two, and the effects of the water quality protection targets and water inflow on the lapse rates are the same as discussed in the preceding section. That is, the lower the water inflow and water quality protection target (higher C 3 value), the deeper the lapse rate, and vice versa. However, all of the lapse rates (slopes) for the lines identified by the triangles are flatter than those represented by the rhombus. The increasing water supply will reduce the hydropower generation and allowable wastewater pollutants, but the lapse rate of hydropower generation with units of billion kw·h/(Million m 3 ), is higher than that of the allowable wastewater pollutants with units of million tons/(Million m 3 ). quality protection targets and water inflow on the lapse rates are the same as discussed in the preceding section. That is, the lower the water inflow and water quality protection target (higher C3 value), the deeper the lapse rate, and vice versa. However, all of the lapse rates (slopes) for the lines identified by the triangles are flatter than those represented by the rhombus. The increasing water supply will reduce the hydropower generation and allowable wastewater pollutants, but the lapse rate of hydropower generation with units of billion kw·h/(Million m 3 ), is higher than that of the allowable wastewater pollutants with units of million tons/(Million m 3 ). 
Discussion
A detailed understanding of the physical nexus can point to some potential measures that can support adaptive water resource management in Jinghong area. For example, increasing supplied water will reduce the hydropower generation and the allowable wastewater pollutants. The investment for dealing with wastewater pollutants will increase while the hydropower generation company might obtain compensation from the water supply sector if their initial water rights had been allocated before. If a water pollutant event happened in an emergency situation in the study area, its impacts on supplied water and hydropower generation can be quantitatively estimated directly through the calibrated nexus; and an emergency water supply program to the emergency 
A detailed understanding of the physical nexus can point to some potential measures that can support adaptive water resource management in Jinghong area. For example, increasing supplied water will reduce the hydropower generation and the allowable wastewater pollutants. The investment for dealing with wastewater pollutants will increase while the hydropower generation company might obtain compensation from the water supply sector if their initial water rights had been allocated before. If a water pollutant event happened in an emergency situation in the study area, its impacts on supplied water and hydropower generation can be quantitatively estimated directly through the calibrated nexus; and an emergency water supply program to the emergency event will be implemented.
For the effects of boundary conditions including water inflow from the upstream and the water quality protection target, the physical nexus is sensitive to these conditions. The water inflow and water quality protection target are often belongs to the integrated water resources management at basin level. If there is more than one river-reservoir system in a basin, the physical nexus of the whole basin will be assembled by the ones proposed in our paper according to the river-reservoir networks in the basin. Based on the nexus, not only the impacts of adaptive measures on integrated water resource management can be assessed, but also the trade-offs between the water resources, the allowable wastewater pollutants, and hydropower generation can be optimized for planning or real-time operation, which will be beneficial for adaptive water resource management under the changing environment.
Conclusions
In this paper, we have developed the nexus equations across water supply, wastewater management, and hydropower generation sectors for a river-reservoir system. Considering the Jinghong Hydropower Reservoir, located in the middle and lower reaches of the Lancang River basin, as a case study, both the water quality protection target and inflow, as the external and boundary conditions, respectively, can affect the nexus results. The incremental water supply can cause a linear decrease of the hydropower generation and allowable wastewater pollutant, while the incremental water inflow causes an increase of hydropower generation and allowable wastewater pollutants. The relationship between water supply and hydropower generation is not related to the water quality protection target since the environmental flow is not separated from the flow for hydropower generation. However, the lapse rates (slopes) of allowable wastewater pollutants-water supply are differed by the water inflow and the water quality protection target. The lower the water inflow and water quality protection target (higher value for the water quality concentration target C 3 ), the deeper the lapse rate of allowable wastewater pollutants to water supply, and vice visa. The higher the water quality protection target (e.g., from class I to class III target), the smaller the amount of water extracted from the river, and more water is left for hydropower generation. If there is an increase in the required water supply, the amount of allowable wastewater pollutants is lower when the water inflow is higher or the water quality protection concentration is lower.
In our case study of the nexus equations in reference to a river-reservoir system, it is instructive to note that these should be added in an adaptive manner according to the network representation based on the area of research. This can be done by taking the input in our example as the output of another river-reservoir system in the upstream, or taking the output in our example as the input of another system in the downstream. The water quality indicators NH 3 -N and BOD 5 are only adopted in our case study. Other water quality indicators can also be analyzed by replacing the corresponding parameters (e.g., the decaying coefficient and the protection concentration of the wastewater pollutants); our results from the nexus equations still clearly visually illustrate the physical cross-connections between the water supply sector, the environmental protection sector for allowable wastewater pollutants, and the energy sector for hydropower generation. In addition, the cross-connections will be very helpful for water protection and policymaking.
